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We report on intensity-dependent switching in lithium niobate directional couplers. Large nonlinear phase
shifts that are due to cascading detune the coupling between the coupler branches, which makes all-optical
switching possible. Depending on the input intensity, the output could be switched between the cross and the
bar coupler branches with a switching ratio of 1:5 and a throughput of 80%.  1996 Optical Society of AmericaIn a non-phase-matched second-order nonlinear inter-
action between a fundamental light wave and its sec-
ond harmonic, the difference in the phase velocities
leads to a periodic energy exchange with propagation
distance between the interacting waves. Because the
interaction is coherent, the phases are also affected,
and a nonlinear phase shift accumulates with a propa-
gation distance whose magnitude depends on the input
fundamental intensity (cascaded nonlinearity).1 This
implies that typical third-order phenomena, such as
all-optical switching and soliton propagation, that are
based on a nonlinear phase shift can also be im-
plemented on the basis of cascading.2 This idea is
particularly intriguing because there are many semi-
conductor and organic materials with second-order
nonlinearities .100 pmyV.3 Therefore, under condi-
tions of near phase matching, the nonlinear phase
shift that is due to cascading can be orders of mag-
nitude larger than phase shifts produced by the third-
order nonlinearity (nonlinear refractive index) for the
same input power. This should dramatically reduce
the power levels required for a given application.
Although both all-optical switching and solitonlike
propagation based on the nonlinear refractive index
have been successfully demonstrated during the past
decade,4,5 the first experiments to confirm the predic-
tions that typical all-optical x s3d phenomena can be
mimicked with the cascaded second-order nonlinear-
ity were performed only a few years ago. Specifically,
in LiNbO3 channel and slab waveguides the nonlin-
ear phase shifts have been measured,6 one-dimensional
spatial solitons have been observed in planar wave-
guides,7 and the nonlinear phase shift was used for
what was to our knowledge the f irst demonstration of
all-optical switching in a hybrid Mach–Zehnder inter-
ferometer.8
However, large cascading nonlinear phase shifts in
the fundamental beam would be of limited value if
they were inseparably accompanied by strong deple-
tion of the fundamental. And, in general, this would
seem to be the case, because the largest phase shifts
occur near phase matching, where conversion of the
fundamental into its second harmonic is strongest.0146-9592/96/130940-03$10.00/0However, our previous experiments and calculations
showed that varying the wave-vector mismatch in a
specific way along the propagation direction, for ex-
ample, by changes in the waveguide dimensions, the
quasi-phase-matching period, or the temperature dis-
tribution (our case), leads to large nonlinear phase
shifts commensurate with weak (,10%) net conversion
to second-harmonic generation (SHG).6 – 8 This has led
us to test the feasibility of designing and fabricating
waveguide-directional couplers in LiNbO3 for a f irst
demonstration of all-optical switching owing to cascad-
ing in a fully integrated optics device. The results are
reported here.
The experiments were performed in 50-mm-long
titanium-indiffused symmetrical channel waveguide
couplers with propagation along the X axis on a
Y-cut LiNbO3 crystal. A series of waveguide couplers
was produced by indiffusion of 43-nm-thick parallel ti-
tanium stripes with either a 13- or a 15-mm width
separated by 20–38 mm, at a temperature of 1060 –C
for 9 h. The end faces were polished for end-f ire cou-
pling. The measurements were done with a Nd:YAG
Q-switched, mode-locked pulsed laser and an electro-
optic single-pulse extractor operated at a wavelength of
l ­ 1.32 mm with a train of 90-ps FWHM pulses at a
repetition rate of 800 Hz. To characterize the nonlin-
ear switching, we coupled radiation at l ­ 1.32 mm into
only one coupler arm. The input power was measured.
The output at both the fundamental and the harmonic
wavelengths from both coupler branches was separated
and measured independently. We used fast germa-
nium detectors and boxcar integrators to measure the
energies of the input and the output signals. To gen-
erate nonlinear phase shifts with cascading, Type I
SHG was implemented from a fundamental TM00(v)
mode to the second harmonic TE00(2v) mode, which is
phase matched near 345 –C for our material, geome-
try, and wavelength. For this purpose the crystal was
placed in an oven with a temperature-controlled stabil-
ity of 625 mK and a temperature profile appropriate
for large phase shifts and small net SHG.6
We simulated the wave propagation in two lin-
ear coupled straight waveguides with cascading, 1996 Optical Society of America
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count the details of the experimental conditions.
The modeling is based on graded-index profiles
that are dependent on wavelength, polarization,
and temperature and are determined by the in-
diffused titanium concentration profile. With a
finite-difference program the modal fields and the
temperature- and wavelength-dependent propa-
gation constants are calculated. These data provide
the parameters for the mode-coupling equations for the
coupler with SHG present9:
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Equations (1) describe the evolution of the fun-
damental mode power jA1j2p0 and the second-
harmonic mode power jA3j2p0 in the bar (input)
coupler branch in units of p0 ­ 1 W along the wave-
guide axis (z) for cw excitation. Corresponding
equations for A2 and A4 describe the fundamental
and the second harmonic in the cross branch. bF szd
and bSHszd are the propagation constants of the
fundamental and the second harmonic as a function
of distance (ref lecting the temperature dependence
along the sample). The linear self- and cross-coupling
integrals J6 and J7 for the fundamental modes and the
nonlinear coupling integrals J1 and Js1 are defined
in Ref. 9. The nonlinear cross coupling can be ne-
glected as well as both the third-order nonlinearity and
the linear coupling for the second-harmonic modes.
xs2d ­ x
s2d
ZYY s2v; v, vd ­ 25.6 pmyV is the applicable
second-order nonlinear susceptibility tensor element
in LiNbO3. Losses of 0.17 dBycm for TM00(v) and
0.35 dBycm for TE00(2v) are included in the simu-
lations. We modeled the pulsed-light experiments
with Eqs. (1) by averaging over the temporal pulse
profile, assuming that the pulses were long enough
that temporal dispersion could be neglected. For our
experiments this approximation is valid.
On the basis of the simulations we found an
optimized design and fabricated a series of direc-
tional couplers for operation with TM00 modes at
l ­ 1.32 mm. Half-beat-length couplers with a cou-
pling length of 50 mm had waveguide separations of
32.0 and 32.5 mm for branch widths of 15 and 13 mm,
respectively. It was confirmed that the measured
half-beat length did not change significantly over the
15-K temperature range of the experiments. From
measurements of the SHG eff iciency and tuning curves
on single-channel waveguides fabricated in close prox-
imity to the couplers, the calculated nonlinear coupling
integral Js1 was confirmed and the effective tempera-
ture profile was deduced. The effective temperature
profile can be approximated by
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TSET is the set-point temperature for the crystal
oven controller in degrees centigrade. With the mode
propagation constants
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(3)
the wave-vector-mismatch distribution 2bF fT szdg 2
bSHfT szdg was calculated.
The nonlinear switching was verif ied by two sepa-
rate sets of measurements. First we kept the input in-
tensity constant and ramped the temperature through
phase matching so that the average wave-vector de-
tuning and hence the magnitude of the effective non-
linearity was varied. The cascaded nonlinear phase
Fig. 1. Temperature dependence of the normalized output
of a NLDC for inputs of (a) 6000 W and (b) 1500 W. The
smooth curves correspond to theory. sh, second harmonic.
942 OPTICS LETTERS / Vol. 21, No. 13 / July 1, 1996Fig. 2. Power dependence of a NLDC fundamental
output for crystal temperatures of (a) 343.5 –C and (b)
344.75 –C. The smooth curves correspond to theory.
shift induced a detuning between the coupler branches,
reducing the power exchange between the waveguides.
Figure 1 shows a typical result for a half-beat-length
coupler. Far below the phase-matching temperature
TPM ø 345 –C, weak cascading does not inf luence the
coupling and, at the device output, all the incoupled
light has transferred over into the cross branch. As
the phase-matching temperature is approached from
the low-temperature side (low-depletion region), the in-
duced nonlinear phase shift decreases the power ex-
change; i.e., some light stays in the bar channel and the
coupler begins to switch its output back to the bar chan-
nel with only a small loss owing to conversion into the
second harmonic. For T . TPM large harmonic gen-
eration and fundamental signal depletion occur. For
lower input powers the same measurements showed
that switching occurs at temperatures closer to TPM,
where a larger cascaded nonlinearity provides the nec-
essary nonlinear phase shift for switching, as expected.
In a second set of measurements we also measured
the output dependence on the input power at a f ixed
temperature. Figure 2 shows typical results. In the
temperature range where large phase shifts occur
with small depletion, i.e., T , TPM, the switching
curves are nearly identical to the switching curves
obtained from x s3d-based nonlinear directional cou-
plers (NLDC’s).4 Figure 2(a) shows a switching
curve at a crystal temperature of 343.5 –C, where
fundamental depletion is still small. We observedan increase in the power required for switching when
operating at temperatures even further below TPM,
i.e., at larger average wave-vector mismatches and
hence decreased cascading nonlinearity. Figure 2(b)
shows a switching curve near phase matching, where
depletion increases. As predicted in Ref. 9, we ob-
serve improved reduction in the cross channel with
increasing input power, whereas the bar channel
shows imperfect switch-up characteristics because
of the generated second harmonic. The principal
reason that the switching curves do not show a higher
switching contrast at higher powers is that pulses
were used, leading to some of the pulse breakup and
to incomplete switching characteristics of x s3d-based
devices. All the experimental results are in good
agreement with theory.
In summary, we have demonstrated that all-optical
switching in a fully integrated NLDC is feasible with
a cascaded second-order nonlinearity. It appears that
the switching characteristics have some of the best
switching ratios obtained to date in any material sys-
tem. However, the current devices switch at peak
powers orders of magnitude larger than those of the
best x s3d-based NLDC’s.4 The goal here was to demon-
strate that cascading could be used to implement high-
contrast switching in a complicated device such as a
NLDC with minimal loss to SHG. In the current im-
plementation, the waveguides with their large effective
core areas were not optimized to minimize the switch-
ing powers, and the geometry used in LiNbO3 has
a relatively small value of x s2d. For example, quasi-
phase-matched devices in LiNbO3 would reduce the
peak switching powers by ,2 orders of magnitude
and are planned for the future. Although even poten-
tially larger nonlinearities are available, the problems
of phase matching them have yet to be addressed.
The measurements were done at the Center for Re-
search and Education in Optics and Lasers, University
of Central Florida. The samples were prepared at the
Universita¨t Paderborn in Germany. The research was
supported by the U.S. Army Reseach Office and the
Advanced Research Projects Agency.
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